Abstract. Conversion of long-term pasture to cropping was investigated for its effects on nitrous oxide (N 2 O) emissions in a 2-year field experiment in the high-rainfall zone of south-western Victoria. Early termination (pasture terminated 6 months before sowing) followed by winter (ETw) and spring (ETs) crops and late termination (pasture terminated 1 month before sowing) followed by a winter crop (LTw) were compared with continuous, mown pasture (MP). Emissions of N 2 O were measured with an automated gas sampling and analysing system.
Introduction
Nitrous oxide (N 2 O) is a potent greenhouse gas, with an ozonedepleting potential~300 times that of carbon dioxide (CO 2 ) and 12 times that of methane (CH 4 ) (Crutzen and Ehhalt 1997; IPCC 2007) . Agriculture accounts for 71-87% of global N 2 O emissions (Houghton et al. 1995; Mosier et al. 1998) , and within the agricultural sector, approximately one-third of N 2 O emissions are attributable to fluxes from soils (De Klein et al. 2006) . Emission of N 2 O also represents a loss of valuable plant-available N from the soil. For these reasons, there is a growing interest in quantifying losses of N 2 O from agricultural soils and developing practical strategies for reducing N 2 O losses.
Emissions of N 2 O from soils are predominantly the result of autotrophic nitrification and dissimilatory denitrification. The key factors influencing the rate of nitrification are the availability of NH 4 + in aerobic conditions (Schmidt 1982) , whereas denitrification is favoured by simultaneous supply of NO 3
-and available C, and diminishing O 2 supply (anoxic conditions) (Firestone and Davidson 1989) . Agricultural management practices can have a large influence on N 2 O production, with greater emissions generally occurring under conditions of high availability of inorganic N, water and labile C (Dalal et al. 2003) .
Most agricultural land in Australia is under natural and improved pasture, and even in areas where arable cropping dominates, rotations often involve intermittent pastures. Such rotations are used to control soilborne diseases and to improve soil fertility and soil organic matter status. Indeed, the use of legume-based pastures in rotation results in accumulation of soil N and reduces the need for fertiliser N inputs during the cropping phase (Whitehouse and Littler 1984) . For example, Peoples and Baldock (2001) estimated that the input of fixed N from pastures could range from 2 to 284 kg N ha -1 across temperate and tropical Australian environments.
This research is focused on developing mitigation strategies for N 2 O emissions derived from soil organic matter following the termination of long-term grass-legume pasture in preparation for use in grain production in the high-rainfall zone (HRZ, >650 mm rainfall year -1 ) of south-eastern Australia. This region has seen an increasing move from livestock to grain cropping over the last 20 years, resulting from a long-term decline in wool prices and the potential for high grain yields in the region. This change in land use is likely to promote net N mineralisation and nitrification, causing accumulation of mineral N in the soil and creating the potential for increased gaseous losses of N, including N 2 O. The poor soil structure and high clay content of subsoils coupled with high winter rainfall in the region often result in waterlogging, providing conditions that lead to high losses through denitrification. Harris et al. (2013) showed that high rates of N 2 O (up to 457 g N 2 O-N ha -1 day -1
) could be lost from these cropping systems.
However, information is limited regarding N 2 O emissions during the transition from pasture to cropping in the temperate zone of Australia (Dalal et al. 2003) , and particularly in the in HRZ of south-western Victoria. There is, therefore, a need to quantify N 2 O emissions during and immediately after pasture termination. Management strategies then need to be formulated that minimise N 2 O emissions while maintaining crop productivity during the transition between pasture and cropping.
The objectives of this study were to compare the effect of several pasture-termination strategies on N 2 O emissions during transition from legume-grass pastures to annual cropping; and to assess the relation between soil mineral N, soil water content and temperature as they affect temporal N 2 O fluxes in the Victorian HRZ.
Materials and methods

Site description and soil properties
The experimental site was on the Department of Economic Development, Jobs, Transport and Resources research farm,~9 km south of Hamilton, Victoria (-37.8242268S, 142.0758828E). The site is in the HRZ, with an average annual precipitation of 689 mm, 70% of which falls during winter (May-October). The annual evaporation rate is 1200 mm, mean monthly maximum temperature 25.98C and mean monthly minimum temperature 4.28C (Comm onwealth Bureau of Meteorology (http://www.bom.gov.au/climate). The experiment was located in a field with a history of long-term pasture (>50 years), mainly consisting of perennial grasses (Lolium perenne, Phalaris aquatica, Stellaria media) with a small proportion (<5%) of subterranean clover (Trifolium subterraneum). The soil was a Vertic, Sodic, Eutrophic, Brown Chromosol (Isbell 2002) characterised by an abrupt textural change, where clay content increases from 24% in the topsoil to 65% in the subsoil, and this restricts infiltration and drainage to the bottom part of the profile. The subsoil had a high sodium content (exchangeable sodium percentage 8-19%), further reducing drainage. Selected chemical properties of the soil are shown in Table 1 . The site showed good pasture growth, although exchangeable aluminium (Al) contents tended to be high because of the low soil pH, and could limit the growth of species sensitive to high Al.
Experimental design and management
The experiment was conducted over two consecutive growing seasons, with measurements beginning on 1 March 2013 and finishing on 1 March 2015. There were four treatments arranged in a randomised block design with three replicates; each plot was 30 m long and 6 m wide. The sequence of treatments during the experiment is shown in Fig. 1 . Local farm practice was followed and two pasture termination strategies were used: early and late terminations. The 'timing' treatment refers to the length of delay in sowing. A management practice of early termination normally allows sowing of the subsequent crop 6 months after pasture termination. If the late termination is applied, a crop is sown within a shorter period from termination, usually 1 month. In our experiment, pasture was terminated either with glyphosate herbicide at 6 months before sowing (early termination), or by a combination of glyphosate application and cultivation to 10 cm depth at 2 weeks before sowing (late termination).
The research included two early-terminated treatments, started in November 2012 and April 2013, followed by winter and spring crops, respectively, whereas the later terminated treatments started in April 2013, followed by the winter crop. Continuous, mown pasture (MP) was used as a In the second year of study, all wheat and forage brassica plots were sown to oats (Avena sativa) cv. Wombat) on 14 May 2014 and harvested on 17 December 2014. All crops were direct-drilled to minimise soil disturbance. Phosphorous (P) and potassium (K) fertilisers were applied at seeding at 15 kg P ha -1
(as double superphosphate) in the first year of study and 15 kg P and 15 kg K ha -1 (as double superphosphate and potassium chloride) in the second year. Fertiliser application rates were representative of local farming practice and were made on the basis of soil chemical analysis.
Gas measurements
An automated system was used to collect and analyse gas samples for N 2 O and CO 2 simultaneously. Moveable gas collection chambers (0.8 by 0.8 m wide by 0.5 m high) constructed from stainless steel and clear polycarbonate panels (with 0.5-m extensions added to increase chamber height as the crop grew) were installed in each plot. The top surface panel of these automatic chambers was divided into two lids that opened away from the top of the chamber to reduce rainfall interception. Chambers were clamped to open, stainlesssteel base units (0.8 by 0.8 m wide by 0.15 m depth), with two base units installed in each plot, 0.5 m apart, so that chamber position could be alternated within each plot on a weekly basis to minimise micro-climatic artefacts. The chambers were pressurevented during closure time with two fans (each 80 mm diameter) but they were programmed to be opened automatically if the temperature in the chamber exceeded 508C, or if the site received >0.5 mm rain within 5 min (in order to maintain similar water contents under the chambers and on the rest of site).
The 12 automated gas chambers (one per plot) were integrated with an automated sampling system connected to a tuneable diode laser trace-gas analyser (TGA100; Campbell Scientific, Logan, UT, USA) and a non-dispersive infrared gas analyser (LI-840A; LI-COR Biosciences, Lincoln, NE, USA). The concentrations of CO 2 and N 2 O in gas samples were measured by the following procedure. A block of chambers for the one replicate, each block of four chambers, was closed for 30 min and opened for 60 min. Chambers for each plot were sampled sequentially each 3 min over the 30-min closure period, with 10 measurements during that time (30 s each). This allowed 16 measurements of flux rates per day for each individual chamber and 48 values per treatment per day. The hourly N 2 O emissions were calculated from the slope of the liner increase in N 2 O concentration during the period of chamber closure. The same approach was used to determine night-time (measured from 21 : 30 to 05 : 30) CO 2 hourly fluxes. Daily loses were calculated by averaging hourly day losses (n = 16) for each chamber over the 24-h period for N 2 O and over the 8-h night period for CO 2 across the three replicate chambers. Flux values were tested for a significant linear trend based on a t-test. Seasonal cumulative fluxes for each plot were summed over the measurement year before averaging across the three replicates. The system design, calibration and calculation procedures were similar to those described by Officer et al. (2015) . Because of equipment failure, emissions were not measured during the periods 6 June-22 July 2013, 25-29 October 2013, 1-10 March 2014 and 4-8 January 2015.
Temperature and soil water measurements
Soil temperature and moisture content were monitored continuously with Model 107 thermocouple probe Type T (Campbell Scientific, Logan, UT, USA) and ThetaProbe soil moisture probe Type ML2x (Delta-T Devices, Burwell, UK) at 5 cm depth on all plots, and also at 10 and 20 cm depth in the first replicate of each treatment.
Weather monitoring
A weather station was installed at the site, allowing measurements of climatic conditions. Solar radiation was measured at a height of 3 m using a 240-100 Fristschen type net radiometer (NovaLynx, Grass Valley, CA, USA). Air temperature and relative humidity were measured at the same height with a humidity-temperature probe (Rotronic HycroClip MP, mown pasture; ETw, early termination followed by winter crop; LTw, late termination followed by winter crop; ETs, early termination followed by spring crop.
HC2-xx; Rotronic AG, Bassersdorf, Switzerland). Rainfall was measured with a CS700-L automated tipping bucket with a resolution 0.254 mm (Hydrological Services, Warwick Farm, NSW).
Soil and plant sampling and analysis
Profile soil samples were taken from all plots before sowing and anthesis following grain maturity of crops and at the completion of the study. Soil samples were collected at 10-cm increments to 40 cm depth, then at 20-cm increments to 100 cm depth at two locations per plot. Surface soil (0-10 cm) was sampled every 4 weeks at 15 random locations per plot. On all occasions, samples within each plot were bulked for each depth increment, and subsamples were analysed for soil mineral N and watersoluble C. Mineral N was extracted with 2 M KCl (1 : 10 ratio for 1 h) followed by colourimetric analysis of NH 4 -N and NO 3 -N by using a Lachat flow injection analyser (Hach, Loveland, CO, USA). Water-soluble organic C and N were measured in the second year of experiment via an aqueous extract (1 : 10 w/v ratio for 1 h; Zmora-Nahum et al. 2007), filtered through a 0.22-mm Millipore filter and analysed with a soluble C/N analyser (Shimadzu, Kyoto). Gravimetric soil water was determined in profile samples after drying subsamples at 1058C for at least 48 h. Bulk density was measured on naturally compacted samples (Haynes and Goh 1978) . Volumetric water contents were calculated by multiplying the gravimetric soil water by the bulk density. Water-filled pore space was calculated by dividing the volumetric water content by the total porosity (Linn and Doran 1984) . Growth stages of grain crops were evaluated using the standardised reference Zadoks Growth Scale (Zadoks et al. 1974) . Aboveground biomass of cereals was measured at mid-tillering (Z25), anthesis (Z65) and grain ripening (Z92) by cutting a 100-cm row of crop at four random locations per plot. At harvest, grain was separated from herbage, yield was measured, and a subsample of grain was retained for grain quality assessment. Samples of forage crops were collected from four random quadrats (0.63 m Â 0.63 m) by cutting plants at the base, bulking the samples from each plot and oven drying at 608C for 1 week before weighing. Dry matter (DM) cuts from pasture plots were taken during the growing season after ryegrass reached the 3-leaf stage. Forage brassica was mown three times during the growing season (February, April and May 2014) . For all plant samples, two subsamples from each plot were analysed for total N content by dry (Dumas) automated high temperature combustion using a LECO analyser (LECO, St. Joseph, MI, USA).
Statistical analyses
Statistical analysis was conducted using GENSTAT 17th edition (VSN International, Hemel Hempstead, UK). Analysis of variance (ANOVA) and Fisher's significance test were performed to detect the difference between treatment means with the level of significance at P = 0.05 for all data at each time. Repeated-measures ANOVA (with the GreenhouseGeisser procedure) was applied to estimate the repeatedmeasurements of soil parameters and gas fluxes with time. No transformations were required to stabilise the variances of the values. Pearson correlation analysis was used to examine relationships between gas fluxes, soil and climatic parameters. Differences and the correlations were considered significant where P 0.05.
Results
Climatic conditions
Air and soil temperature fluctuations were typical of seasonal conditions in this region and are shown in Fig. 2a and Fig. 3c . Air temperature varied from -2.88C (August 2014) to +41.88C (January 2015) during the study. Temperature variations in the soil surface layer (0-5 cm) were less pronounced, ranging from 5.38C in June 2013 to 298C in February 2014 (Fig. 3c) . In total, 779 mm of rain fell at the site in the first year of study, which was 90 mm higher than the long-term mean (Fig. 2b) . By contrast, rainfall during the second year was 79 mm lower than the longterm mean. In both years, most precipitation (60-70%) occurred between May and October.
Variation in water-filled pore space (WFPS), mineral N and water-soluble C
Throughout the study, the WFPS was strongly associated with the rainfall events and generally did not differ (P !0.05) between treatments (Fig. 3c , treatment data combined). WFPS rose from May and reached a maximum by August 2013, followed by a relatively sharp decline, after which it remained low until autumn of the following year. The WFPS remained >60% for much longer during 2013 (157 days) than 2014 (59 days).
Temporal variations in NH 4 -N and NO 3 -N in the top 10 cm of soil are shown in Fig. 4 . In all treatments, NH 4 -N content reached maximum values (45-67 kg N ha -1 ) in winter-early spring (Fig. 4a) . Ammonium was the largest component of the extractable inorganic N pool in the mown pasture plots, whereas the content of NO 3 -N was lowest in this treatment and remained almost constant throughout the experiment, ranging between 1 and 14 kg ha -1 (Fig. 4a, b) . By contrast, the NO 3 -N content fluctuated in the cropped treatments, ranging from 4.9 AE 3.1 to 67.1 AE 25.0 kg N ha -1 . Highest NO 3 -N values were present in June-July.
Rapid accumulation of NO 3 -N during the 6-month summer fallow in 2013 in the ETw treatment resulted in accumulation of 215 kg N ha -1 of total mineral N in the top 100 cm of soil, and NO 3 -N comprised 64% of this (Table 2) . However, NH 4 -N was the dominant form of mineral N in the soil profile in the other three treatments (mean 73% of total mineral N). A similar pattern of NO 3 -N accumulation occurred with 4 months of summer fallow in 2014 (Fig. 4b) in the ETw and LTw treatments. Based on duration of fallow and the amounts of N at the start and end of the fallow period, the average rates of increase of NO 3 -N concentration were 0.41 AE 0.05 and 0.32 AE 0.06 kg ha -1 day -1
for ETw and LTw treatments, respectively. Rapid accumulation of NO 3 -N was also evident during summer 2014-15 in the soil profile of all crop treatments (from oats maturity until the end of the experiment), with rates of NO 3 -N increase of 0.55 AE 0.07 kg ha -1 day -1 for ETw and~0.38 AE 0.08 kg ha -1 day -1 for both LTw and ETs. Water-soluble C concentrations in the topsoil in 2014 were predominantly higher (P 0.05) in the MP treatment (594-910 kg C ha -1 ) than in the three cropped treatments (Fig. 5) ranging from 400 to 810 kg C ha -1 . WSC was lowest in January across all treatments when the soil was driest.
Temporal N 2 O fluctuations and night-time CO 2
In both years, fluxes of N 2 O were low in the dry summer-early autumn months, but rose steadily with the onset of rainfall in May and greatly increased at the end of winter (July-September) (Fig. 3a) . The greatest daily N 2 O losses occurred in winter-early spring following significant rainfall events, when WFPS was elevated to !65-85% in top 10 cm soil layer (Fig. 3a, c) . A sharp decline in N 2 O emissions was observed when WFPS decreased to <60%. The greatest daily losses in 2013 were observed in August-September and were 365 , 153, 22 and 4.4 g N ha -1 for ETw, ETs, LTw and MP, respectively. Daily fluxes in August 2014 were lower, being 68.3, 26.1, 53.1 and 1.7 g N ha -1 for ETw, ETs, LTw and MP, respectively.
Night-time CO 2 fluxes during summer were low when soil was dry (Fig. 3b) . These fluxes increased in both years in May after WFPS increased to >30% and remained elevated throughout winter and most of spring. A steady decline in soil respiration coincided with drying topsoils and WFPS dropping to <60%. Although temporal fluctuations in N 2 O and night-time CO 2 emissions followed a similar broad trend, being greatest during winter and least in summer (Fig. 3a, b) across both 2013 and 2014, fluxes of CO 2 occurred about 1 month before those for N 2 O (Fig. 3a, b) .
Effect of timing pasture termination on N 2 O emissions
As shown in Table 3 , N 2 O emissions (mean daily flux and cumulative flux) from all treatments where management included fallow were significantly higher in both years than where no fallow was imposed. In the first year, the total cumulative losses of N 2 O from the early-terminated treatments (ETw and ETs) were 7.1 and 3.6 kg N 2 O-N ha -1 , whereas cumulative loss from the late-terminated plots (LTw) was only 0.56 kg N 2 O-N/ha. In the second year, the same trend was observed, and more N 2 O was emitted from treatments with a longer fallow period. Total emissions from treatments with a 4-month fallow (ETw and LTw) were 2.0 and 1.3 kg N 2 O-N ha -1 , respectively, and only 0.56 kg N 2 O-N ha -1 was produced from the treatment with no fallow (ETs). The pulses of N 2 O emission were most strongly correlated with WFPS and not strongly correlated with soil temperature, mineral N or soluble C content (Table 4) .
Night-time CO 2 production was significantly higher (P 0.05) in the mown pasture treatment than in other treatments at the end of May-June 2013 and in June-July 2014. During June-September 2013, CO 2 emissions were lowest from the ETs treatment.
Crop yields and timing of pasture termination
The grain yield of wheat was not significantly affected by timing of pasture termination in the first year (ETw = 5.53 t ha -1
and LTw = 5.49 t ha -1 ) (Table 3 ). In the second year, oat grain yield did not vary significantly (P > 0.05) between ETw (5.9 t ha -1 ) and LTw (6.9 t ha -1 ) treatments, but was significantly lower under ETs (4.7 t ha -1 ). This effect appeared 2 months after planting of oats and was evident throughout the 2014 growing season, resulting in reduced aboveground biomass of up to 40% at Timing of pasture termination and N 2 O emissions Soil Researchmid-till stage and up to 15% at anthesis (data not shown). In both years, the grain N content (protein) of wheat and oats did not differ significantly between treatments.
Discussion
Nitrous oxide emissions from continuous pastures
Emissions of N 2 O were extremely low throughout the experiment under mown pasture plots despite soils having a significantly high content of mineral N (Table 2) . Daily fluxes generally ranged from 0.05 to 0.3 g N 2 O-N ha
, resulting in cumulative annual losses of~0.13 kg ha -1 in both years (Table 3) . Our findings are comparable to those of other studies where cumulative losses from non-fertilised, nongrazed and/or extensively grazed pastures were low and normally within 1-2 kg N ha -1 year -1 (Griffith et al. 2002; van der Weerden et al. 1999) . Much higher N 2 O emissions reaching 5-13 kg N 2 O-N ha -1 year -1 have been observed in intensively managed, grazed pasture systems where high N fertiliser applications are combined with high stocking rates (Eckard et al. 2010; Phillips et al. 2007) .
The low losses of N 2 O are attributable to a low nitrification potential in pasture soils and/or high plant uptake of NO 3 -N (Neill et al. 1995) . Strong competition for NH 4 -N from roots of perennial pasture species, which are active for most of the year, and microbial biomass in the rhizosphere can leave little NH 4 -N available for autotrophic nitrifiers, which are generally poor competitors with the heterotrophic biomass for NH 4 -N (Jones and Richards 1977) . This can lead to a decline in the population of nitrifiers (Davidson et al. 1993) . Furthermore, any NO 3 -produced is quickly used by the growing vegetation, lowering its concentration in the soil. Veldkamp et al. (1999) , for instance, found that the concentration of NO 3 -N in soils decreased greatly with pasture age and that even under young pasture (3 years old), soil NH 4 -N significantly exceeded NO 3 -N content. Certainly, in our experiment, under a 25-year-old pasture (MP), (<10 mg kg -1 ), the potential for denitrification to occur was also low.
Effect of pasture termination on nitrous oxide emissions
In this experiment, the timing of pasture termination was critical for N 2 O production. Emissions were higher in both years from treatments that were terminated early, and N 2 O emissions from ETw were 12 times higher than from LTw. In 2014, a 4-month fallow period after wheat harvest in LTw and ETw resulted in 2.3-3.5-times higher emissions than from the treatment without fallow (ETs). Note that for treatments without fallow MP  72a  21a  93a  59a  22a  81a  54a  13a  67a  ETw  82a  133b  215b  79c  75d  154d  67b  60d  127c  LTw  81a  34a  115a  66b  55c  121c  64b  47b  111b  ETs  84a  32a  116a  71b  37b  108b  68b  55c  123c in both years. Pasture termination affected N 2 O emissions through subsequent accumulation of NO 3 -during the fallow period. Soil profile NO 3 -concentrations in treatments with fallow periods after pasture termination (or following crop harvest) were significantly (P < 0.05) higher than in treatments with no fallow. By contrast, NH 4 + concentrations in these treatments were low and had similar values during the fallow, suggesting that nitrification was a dominant process. This flush of nitrification during fallow is attributable to decomposition of soil organic matter and plant residue after pasture termination or crop harvest (Peoples and Baldock 2001) . Furthermore, where there is a fallow period, NO 3 -N accumulates in the soil, whereas when a crop is present the NO 3 -is taken up by the growing plants. In addition, nitrification might be dominant over immobilisation as a result of high soil temperatures over summer (Hoyle et al. 2006) , Indeed, following pasture termination, a release of 70-150 kg mineral N ha -1 , predominantly as NO 3 -, characteristically occurs (Fillery 2001) . In our experiment, rates of NO 3 -N accumulation during summer fallows varied from 0.24 to 0.68 kg ha -1 day -1 with highest values from ETw plots in both years. In the HRZ of Victoria, precipitation exceeds evaporation during winter, and this, combined with the restricted drainage that is a characteristic of the duplex soils common in the region, creates conditions favourable for denitrification.
Thus, the high concentrations of NO 3 -N accumulated during fallow in the ETw act as a substrate for denitrifiers and may indicate the higher potential in the treatment with longer fallow when other conditions are present (e.g. high soil moisture, low plant uptake). Several studies have highlighted that excess NO 3 -N coupled with available C after a pasture phase can increase the risk of substantial N loss, including N 2 O by denitrification, especially if clay soils are subject to heavy rainfall or waterlogging (Avalakki et al. 1995; Pu et al. 1999) . Nonetheless, few studies have estimated the extent of N 2 O losses after a pasture, with most experiments designed to minimise losses of N from fertiliser (Fillery 2001) . Reported rates of N 2 O emissions after pasture termination are conflicting and vary depending on soil type, precipitation, fertilisation rates and fallow duration. For example, MacDonald et al. (2011) -1 were emitted from one year of fallow after termination of a native grass sod in a semi-arid area of Nebraska, USA (Kessavalou et al. 1998) . Annual cumulative emissions were 0.08 kg N 2 O-N ha -1 from fallow plots in a fallow-wheat rotation in a Mediterranean climate in Spain (Tellez-Rio et al. 2015) and 0.24 kg N 2 O-N ha -1 in a semi-arid climate in North America (Dusenbury et al. 2008) .
In addition to a fallow duration, the season during which termination occurred and subsequent management greatly affected N 2 O production, clearly demonstrating the importance of management in influencing N 2 O fluxes. Cumulative fluxes from ETs winter-fallow plots were nearly half those from ETw with summer fallow, 3.6 and 7.1 kg N 2 O-N ha -1 respectively. This lower cumulative flux may reflect the shorter period from ETs termination (30 April 2013) to the period of maximum fluxes (August-September 2013) compared with the full 6-month fallow under ETw and the associated reduction in NO 3 -N accumulation. After ETs was terminated in April 2013, mineral N content increased over the following several months (Fig. 4) , but the increase was not sufficient to stimulate the same magnitude of loss as the summer-terminated ETw. This result is consistent with findings of Velthof and Oenema (1995) , who reported a higher flux from unploughed, chemically terminated grassland during a dry (8.2 kg N 2 O-N ha -1 ) than a wet (5.8 kg N 2 O-N ha
) period in The Netherlands. Herbicide application in ETs in April 2013 and two subsequent applications were only partially effective in removing pasture plants from this treatment, producing only an inhibition of plant growth rather than complete death. This may also help to explain the lower N 2 O production than in the ETw treatment.
Effect of soil environment (WFPS and temperature) on N 2 O production
Although the agronomic practice of pasture termination influenced N 2 O soil flux, the annual pattern of emissions was mostly determined by seasonal conditions (particularly rainfall and consequently WFPS). A prolonged stimulation of emissions in winter-spring coincided with soil rewetting and increasing WFPS (Fig. 3) . The correlation between WFPS and N 2 O emissions was generally higher (P < 0.01) than between N 2 O and other environmental variables (Table 4 ) and was more significant during 2013 than 2014 (which had lower rainfall). Most of the N 2 O from experimental treatments was lost during relatively short timeframes in winter-spring. In the first year, up to 91% of annual averaged fluxes were emitted in the 3 months from 21 June 2013 to 10 November 2013, with a peak in September. In the second year, the period of high fluxes was shorter, from 1 August 2014 to 1 September 2014. In the present study, all days when high winter-spring emissions were recorded corresponded to WFPS values between 65% and 98% (146 and 54 days in the first and the second year, respectively).The flux peak coincided with a WFPS of 70-85% (101 and 30 days in the first and the second year, respectively) (Fig. 6) .
Although WFPS not may be a completely reliable predictor of processes of nitrification and denitrification (Balaine and Clough 2013) , this parameter is widely used for estimation of possible pathways of N 2 O production in soil (Dobbie et al. 1999) . In this study, soil-water content ranged from 65% to 97% WFPS when most of the cumulative yearly emissions were recorded. The increased N 2 O production induced by lowering O 2 availability in this WFPS range can be mediated by nitrifier denitrification of NO 2 -directly to N 2 O (one of the pathways of nitrification) or by heterotrophic denitrification of NO 3 -to N 2 O via nitric oxide (NO). Traditionally, denitrification is considered a major process driving N 2 O production, whereas losses from nitrification are not usually significant (Grundmann Koops et al. 1997) . Rowlings et al. (2015) observed an exponential increase in N 2 O production as WFPS increased from 60% to 82%, with the highest emissions recorded when WFPS was 82-84%, and concluded that most of the N 2 O loss resulted from denitrification. However, there is a growing body of evidence suggesting that nitrifier denitrification may be an important source of N 2 O production in soils if the WFPS ranges from 50% to 70% (Kool et al. 2011) . For instance, Zhu et al. (2013) noted that nitrifier denitrification was the dominant pathway promoting 34-66% of N 2 O losses from application of ammonia fertiliser under low O 2 status (!0.5%), which is also conducive for heterotrophic denitrification. According to Bollmann and Conrad (1998) , N 2 O derived from heterotrophic denitrification exceeded nitrification-derived N 2 O only when O 2 was <0.1%. The relative importance of nitrifier v. heterotrophic denitrification is difficult to assess because both can occur simultaneously over a wide range of O 2 concentrations. However, it is believed that NO 2 -does not accumulate significantly in unfertilised soil (Venterea 2007) . Thus, we do not think that the input of nitrifier denitrification can be substantial in our experiment, where N 2 O production was driven by mineralisation of soil N alone. Based on this and the high WFPS values recorded when most emissions occurred, we hypothesise that heterotrophic denitrification was the predominant process for production of N 2 O in our study. Verification of this hypothesis remains a subject for future research. A decline in NO 3 -N soil concentrations along with an increase in WFPS in our experiment might count as evidence for using this substrate for heterotrophic denitrification.
In our research, the highest concentration of WSC was found under the mown pasture. This is attributable to exudation of carbonaceous material into the pasture rhizosphere. In many experiments, rates of denitrification have been found highly correlated with available C (water-soluble or readily mineralisable C) (Drury et al. 1991; Patten et al. 1980) . Nonetheless, N 2 O fluxes were lowest from the MP treatment, as already noted, and denitrification was restricted by low NO 3 -availability. The relatively high content of soluble carbon under the arable treatments (627-785 kg ha -1 ) during winter may have been important in allowing denitrification to proceed during this period. Furthermore, the high clay content of soil at the site would have favoured development of anoxic conditions necessary for denitrification (Velthof and Oenema 1995) .
In both years, maximum night-time CO 2 fluxes (used here as an indirect measure of soil microbial activity) occurred about 1 month before maximum N 2 O fluxes (Fig. 3a, b) . That is, soil microbial activity was limited during dry periods and increased as WFPS increased. When WFPS became high (>65%), anoxic conditions are likely to have developed, so that denitrification was stimulated and N 2 O emissions were highest.
A decrease in N 2 O emissions was observed when the WFPS exceeded 86% (September 2013). Highly anaerobic conditions, at very high water contents approaching saturation, favour emissions of dinitrogen (N 2 ) rather than N 2 O via denitrification, resulting in declining rates of N 2 O production at this time (Dalal et al. 2003) . In 2013, a major decrease in N 2 O production was registered after September even though WFPS remained high and only gradually declined from 78% to 65% over the next 3 months. Because the crop absorbed most of the soil mineral N during this time (fully tillering-maturity), soil NO 3 -N rapidly decreased to 3-7 kg NO 3 -N at the end of the period. Thus, low NO 3 -N concentrations did not favour denitrification, resulting in low N 2 O emissions despite the high WFPS.
Cumulative N 2 O fluxes from cropped treatments were lower (P < 0.01) in 2014 than 2013 because of (i) reduced mineral N accumulation in the soil profile due to plant N uptake during 2013, and (ii) drier weather conditions in 2014 and a less prolonged period of high WFPS. Thus, conditions for denitrification were less favourable and accounted for the lower N 2 O fluxes in 2014.
Throughout this study, no strong correlations between N 2 O emissions and NH 4 -N and NO 3 -N were found and the relationship was especially weak with NO 3 -N (Table 4 ). This presumably reflects the fact that fluxes were driven by the water status of the soil. Several studies have reported a poor correlation between daily fluxes and mineral N (Barton et al. 2008; De Antoni Migliorati et al. 2014) . Interestingly, during wet periods, the concentrations of NO 3 -N measured in the top 10 cm of soil were lowest when maximum N 2 O fluxes occurred (Fig. 4b) . The highly mobile NO 3 -ion may have been leached deeper than 10 cm at this time. Such a transfer may have diminished the relationship between NO 3 -N concentration and N 2 O production in a wet winter-spring. Similarly, MacDonald et al. (2011) observed that N 2 O emissions from chemical fallow during the high-rainfall season better corresponded with changes in NO 3 -N at 30 cm depth than at 10 cm. During the hot and dry summer-autumn period, the effect of low WFPS is likely to override any effect of high substrate availability (mineral N) on N 2 O emissions, lowering the correlations in this period. Poor correlation could also be explained through the contributions of other N-transformation processes (e.g. nitrifier denitrification) and partial use of NO 2 -by microflora as a substrate for N 2 O production. A significant correlation has been found between cumulative N 2 O emissions and soil NO 2 -but not NO 3 -or NH 4 + concentration in several other studies (Maharajan and Venterea 2013; Venterea and Rolston 2000) . Temperature was not correlated with seasonal N 2 O fluxes in this study (Table 4) . Although the daily soil temperature was relatively low during most of the winter-spring period, ranging from 58C to 128C, N 2 O emissions were at their highest at this time (Fig. 3c) . These temperatures are below the optimal range for both nitrification (25À358C) and denitrification (20À408C) reported by Bouwman et al. (2002) . This suggests that the microbial population present in the studied soil (including denitrifying bacteria) is adapted to relatively low winter temperatures. High night-time CO 2 emissions, which were observed over the winter-autumn period, also indicated that the heterotrophic microbial community was highly active during this period (Fig. 3b) ; such adaptation of microbial populations to various regional climatic zones has been described by other researchers (Keeney et al. 1979) . Indeed, even under freezing conditions, biological activity and N 2 O emissions have been observed (Rõver et al. 1998) . Moreover, studies that have found a strong relationship between increases in soil temperature and N 2 O were generally based on short-term seasonal measurements rather than yearly data (Smith et al. 1998; Dobbie et al. 1999 ).
However, on an annual basis, the temperature effect might be dominated by other factors.
N 2 O mitigation strategies and crop yield
The mitigation strategy investigated here was designed to reduce accumulation of mineral N in the soil profile, and thus lower N 2 O emissions. This risks simultaneous reduction of crop yield because N is essential for crop growth. Nonetheless, the reduction in N 2 O emissions under the late termination occurred without a negative impact on grain yield in the first year. In the second year, however, a grain yield decrease was observed under the ETs treatment relative to ETw and LTw, even though both had a 4-month fallow in 2014 (Table 3 ). This reflects the fact that N mineralisation and N supply to the following crop are greatest in the first year after pasture termination and decrease progressively with time (Stephen 1982) . Our results indicate that a shorter fallow period is an effective strategy for lowering N 2 O emissions. However, N availability should be monitored in the second year because crop production may decline. A sidedressing of fertiliser N may need to be applied. A potential benefit of longer fallow is higher soil water content for use by the following crop; however, this is not always evident in the HRZ because rainfall is usually adequate for crop growth.
Taking into account that higher N 2 O emissions were produced by longer fallows, late pasture termination is considered a suitable management practice for farmers in the HRZ to reduce N 2 O fluxes. In this experiment, accumulation of mineral N during fallow was mainly as NO 3 -N, and NO 3 -is known to be highly mobile and can be potentially lost through a variety of mechanisms. For example, the quantity of N 2 produced during denitrification is generally expected to be much greater than that of N 2 O. The ratio of N 2 : N 2 O can vary from 3 : 1 to 8 : 1 depending on soil and environmental conditions (Ryden et al. 1979; Rolston et al. 1982) . Moreover, NO 3 -leaching is often considered the most important channel of N loss from the rooting zone of the first crop following legumes in rotations and can range from 40 to 100 kg N ha -1 year (Fillery 2001) . Such losses represent an economic loss of N that could otherwise be used by a subsequent crop. In the HRZ of southern Australia, a large excess of rainfall over evapotranspiration for part of the year is commonly observed, favouring both denitrification and NO 3 -leaching. It is therefore likely that much of the mineral N released during pasture termination is lost rather than being used by following crops. Future studies should be carried out to estimate fully the scale of N loss that occurs in pasture-cropping systems in the HRZ and to devise methods to minimise such losses.
Conclusion
Emissions of N 2 O were the combined result of environmental variables and agronomic management. The main climatic factor affecting the pattern of N 2 O emissions was fluctuations in soil moisture caused by rainfall distribution. High N 2 O emissions were observed at a WFPS >65%, suggesting that denitrification was the dominant source of N 2 O. Greatest losses of N 2 O occurred where a prolonged fallow period followed pasture termination (and NO 3 -N accumulated in the soil). Applying late instead of early pasture termination (thus reducing the fallow period) can significantly decrease annual N 2 O emissions and minimise losses of N accumulated during the pasture phase in the Victorian high-rainfall cropping system. Results from this 2-year study suggest that famers should delay pasture termination because this strategy maximises the productivity benefits of biologically fixed N accumulated during the pasture phase to subsequent crops while minimising N 2 O emissions to the atmosphere.
